Abstract. Explosive spalling behavior of reactive powder concrete (RPC) exposed to high temperature up to 800 ºC and the influence of steel fiber and polypropylene (PP) fiber on it were investigated in this experiment. Results show that RPC specimens encountered severe explosive spalling. However, adding PP fiber can alleviate the explosive spalling of RPC significantly and prevents some specimens from explosive spalling. In addition, the explosive spalling of RPC specimens with the higher moisture content was severe than that of specimens with the lower moisture content.
Introduction
Reactive powder concrete (RPC) is widely used in many types of structures due to its ultra-high strength and durability. However, the microstructure of RPC is denser than that of high-performance concrete (HPC), their explosive spalling behaviors may be dissimilar. A comparison study [1] on the explosive spalling of RPC and HPC shows that RPC is more likely to encounter explosive spalling than HPC. By observing the microscopic changes on RPC and HPC after exposure to high temperature, Alonso [2] concluded that the resistance to explosive spalling of HPC is better than that of RPC. Therefore, the results on the resistance to explosive spalling of HPC cannot be directly applied to the RPC, of which the explosive spalling behavior needs to be further studied. Many results on the explosive spalling of RPC have been reported. Plain RPC specimens spalled when the temperature was between 260 ºC and 520 ºC [3] , but PP fiber significantly improved the resistance to explosive spalling of RPC [4] . Sanchayan [5] also revealed that RPC is highly prone to explosive spalling when the temperature is higher than 400 ºC, and PP fibers alleviate the explosive spalling. Liu [6] also reported that RPC specimens spalled at a furnace temperature of 400 ºC, and the maximum vapor pressure inside the concrete specimens reached 3.4 MPa. Thus, RPC is highly prone to explosive spalling when exposed to high temperature and the influences need to be further studied.
RPC has the risk of explosive spalling when exposed to high temperature and can reduce fire resistance of concrete elements, even endanger entire structures. Research on the explosive spalling behavior of RPC specimens with different moisture contents was carried out. In addition, the effect of hybrid fibers (steel fiber and PP fiber) on the explosive spalling behavior of RPC was investigated to explore the improvement in alleviating its explosive spalling.
were added in. The total mixing process lasted 15 minutes. The dimensions of all specimens are 100 mm x 100 mm x 100 mm. After vibration, all of the fresh specimens were immediately plastic-wrapped to minimize moisture loss and then stored at room temperature. After 24 hours of mixing with water, the specimens were demolded and cured in water at 20 °C for 56 days. Establishment of moisture content in specimens. Moisture content (wmc) is defined as the ratio of evaporable water within a specimen at the time of the test to the original amount of evaporable water when initially retrieved from the curing water tank [7] . Specimens used in the test were dried at 105 °C to yield different moisture contents, i.e. 0%, 25%, 50%, 75% and 100%. After curing for 56 days, specimens were taken out from the curing water tank and the water on the surfaces of specimens was immediately wiped up. In this case, the moisture content of specimens was considered as 100% (m1). The moisture content was considered as 0% when the weight (m0) of specimens is stable. Using m0 and m1, the target weight (mi) of specimens with any moisture contents can be calculated.
Explosive Spalling Test. Explosive spalling test was conducted on six specimens with the specified moisture content. The specimens were heated in a muffle furnace at a rate of 10.0 ºC/min. The target temperature is 800 °C. When explosive spalling occurred, the corresponding furnace temperature and time were recorded. Additionally, a loud voice can be heard and the total number of the loud voice during heating is recorded as an important parameter used to categorize the degree of explosive spalling.
Results and Discussion
Temperature range of explosive spalling. Temperatures at which the first and final explosive spalling occurred are defined as the first spalling temperature and final spalling temperature, respectively. Temperature ranges (from the first to final temperature) of the occurrence of explosive spalling of both types of RPC specimens are shown in Table 2 . Moisture content significantly affects the first spalling temperature of RPC specimens, as the moisture content increased, the first spalling temperature decreased, i.e. the explosive spalling of the specimens with higher moisture content occurred earlier. This may be attributed to the increased inner vapor pressure in the specimens with higher moisture content [8] and additional temperature gradients induced by water vaporization [9] . The sufficient vapor pressure and thermal stresses resulted from temperature gradients induce explosive spalling. Differing with the first spalling temperature, the influence of moisture content in the final spalling temperature of RPC presents no clear trend. During the occurrence of explosive spalling of specimens, released water significantly decreased the temperature in furnace and the released water was controlled by the severity of explosive spaling. However, the occurrence of explosive spalling contains uncertainty and randomness, resulting in the unclear trend of the final spalling.
Compared with the explosive spalling of RPC incorporated only steel fiber, the addition of steel fiber and PP fiber significantly reduce the range temperature of the occurrence of explosive spalling,
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and the resistance to explosive spalling of RPC specimens with hybrid fiber was much better than that of RPC with only steel fiber. Thus, PP fiber can be a great factor in improving the resistance to explosive spalling of RPC specimens.
Number of loud voice and duration of explosive spalling. Numbers of loud voice and duration of explosive spalling occurrence of RPC specimens are listed in Table 3 . The more the numbers of loud voices or the longer the duration of occurrence of explosive spalling is, the severer the explosive spalling of concrete specimens is. Results indicate that the resistance to explosive spalling of RPC specimens with hybrid fiber was much higher than that of RPC specimens with only steel fiber. As like the temperature range of the occurrence of explosive spalling, the number of loud voice and duration of explosive spalling can be also regarded as a critical parameter for evaluating the severity of explosive spalling of RPC. In addition, as the moisture content increases, the number of loud voice and the duration of explosive spalling increase. Compared with steel fiber reinforced RPC specimens, the number of loud voice of explosive spalling of hybrid fiber reinforced RPC specimens was much less, and their duration of explosive spalling was much shorter. It can be concluded that the positive effect of hybrid fibers on improving the resistance to explosive spalling of RPC is more significant than that of steel fiber. This is because PP fibers melt at about 170 °C and create channels for vapor pressure to escape. However, when the moisture content was 100%, the duration of explosive spalling of hybrid fiber reinforced RPC was slightly longer than that of RPC with only steel fiber.
Morphology of the specimens after explosive spalling test. All the specimens with the 0% moisture content did not encounter explosive spalling, but many small cracks were observed in the RPC specimens. Specimens with the moisture contents ranging from 25% to 100% experienced explosive spalling with different severity, as shown in Table 8 . For steel fiber reinforced RPC specimens with the moisture content of 25%, only several small blocks on the top part peeled off or the tops of the specimens experienced explosive spalling while the rest of the specimens retained their integrity. When the moisture content is above 50%, all of the specimens spalled into small pieces, the severity degree of explosive spalling increases as the moisture content increases. However, the addition of hybrid fiber significantly alleviates the explosive spalling of RPC specimens if their moisture contents are not above 75%.
The explosive spalling of RPC specimens with 100% moisture content is extremely serious, and incorporation of hybrid fiber did not improve it obviously. The reason may be that the high vapor pressure yields quickly and cannot be released in time through the way created by melted PP fibers. This suggests that PP fiber may not be effective in improving the explosive spalling resistance of RPC when the specimens contain saturated water. Of course, the dosage of PP fibers is an important factor and needs further research.

Conclusions
Based on the experimental research on the explosive spalling behavior of reactive powder concrete exposed to high temperature up to 800 °C, the results can be concluded as follows.
(1) Steel fiber reinforced RPC specimens seriously spalled while hybrid fiber alleviates the explosive spalling significantly, because after the PP fibers melted, a large number of channels formed and released the vapor pressure in time.
(2) Moisture content significantly affects the explosive spalling of RPC. The higher the moisture content is, the more serious the explosive spalling is. This indicates that vapor pressure is the main factor that causes the explosive spalling of UHPC.
